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CHARACTERIZATION OF HOLLOW CATHODE,
RING CUSP DISCHARGE CHAMBERS
An experimental study into the effects of changes in such
physical design parameters as hollow cathode position, anodé position
and ring cusp magnetic field configuration and strength on discharge
chamber performance was conducted during the grant period. This work
showed that 1) the rate of primary electron loss to the anode
decreases as the anode is moved downstream of the ring cusp toward the
screen grid, 2) the loss rate of ions to hollow cathode surfaces
becomes excessive if the cathode is located upstream of a point of
peak magnetic flux density on the discharge chamber centerline, and
3) the fraction of the ions produced that are lost to discharge
chamber walls and ring magnet surfaces is reduced by positioning the
magnet rings so the plasma density is uniform over the grid surface
and adjusting their strength to a level where it is sufficient to
prevent excessive ion losses by Bohm diffusion. The performance of a
discharge chamber operating with a hollow cathode is the same as that
operating with a filament cathode located at the position of the
hollow cathode orifice provided the baseline plasma ion energy cost
parameter is adjusted to reflect the operating power requirement for
the hollow cathode. This work is described in a report1 and a paper2
completed during the grant period. A copy of the paper is included as

Appendix A to this report.
AN APPROACH TO THE PARAMETRIC DESIGN OF ION THRUSTERS

A methodology that can be used to determine which of several

physical constraints limits the output power and thrust of an ion



thruster under various design and operating conditions was developed
during the grant period. The methodology was exercised to demonstrate
typical limitations imposed by grid system span-to-gap ratio, intra-
grid electric field, discharge chamber power per unit beam area,
screen grid lifetime and accelerator grid lifetime constraints for a
typlcal discharge chamber designed to operate at maximum thrust-to-
power. The possibility of using other operational constraints, of
applying the the technique to evaluate the potential payoff of design
changes and of incorporating the methodology into mission analysis
programs was considered. A paper3 was prepared to describe this work
and it was supported in part by the grant being reported upon so a

copy of the paper is included as Appendix B to this report.



HIGH CURRENT HOLLOW CATHODE RESEARCH
Verlin Friedly
INTRODUCTION

Presently, there is an interest in developing high power
thrusters and high current electrodynamic tethers that utilize hollow
cathodes operating at high discharge currents (> 20 A). In order to
realize reliable, long term operatioh at such current levels it is
important for a designer to understand both the phenomena associated
with hollow cathode operation and the manner in which they will affect
cathode operation at high current levels. If phenomenological trends
associated with high current operation are not understood, then it is
likely that problems such as the baffle erosion observed in some high
current cathode systemsa’5 will continue to evade prediction and
correction.

In an effort to gain additional understanding of high-current
hollow cathode operation, basic tests were conducted on a hollow
cathode of standard design6 to determine its operating characteristics
and the nature of the plasma created within and downstream of it as a
function of discharge current (up to 60 A). Cathode internal pressure
and orifice plate temperature measurements were both found to exhibit
a strong dependence on discharge current. In fact the particular
cathode used in these tests had not been designed for high current
operation and both internal pressure and temperature reached values

during testing that suggest it would have a short lifetime.



A retarding potential analyzer was used to measure ion energies
downstream of the cathode orifice plate and ions with energies
substantially greater than the difference between the anode and the
cathode potentials were detected. Langmuir probes were used to
determine the plasma properties upstream and downstream of the
cathode orifice and an emissive probe was used to measure plasma
potential potentials downstream of the orifice. Evidence was found
that the emissive probe begins to indicate erroneous plasma potentials
as it is moved close to the cathode orifice. Difficulties were
encountered in making the measurements upstream of the orifice plate
because of the harsh environment there and as a result plasma
properties were measured only through the discharge current range up

to 9 A.
APPARATUS AND PROCEDURE

The schematic diagram in Fig. 1 1llustrates the test apparatus
used to conduct the experiments described in this report. This
apparatus was installed in a 30 cm dia by 45 cm high vacuum chamber.
A 6.4 mm outside dia hollow cathode equipped with a 0.71 mm dia
orifice (do) in a thoriated tungsten orifice plate was used for the
tests. It contained an insert (low work function emitter) that was
constructed from 0.03 mm thick tantalum foil rolled into a 20 mm long
cylindrical shape and coated with Chemical R-SOO*. The copper

cylindrical anode used was 1.7 mm thick, 100 mm in length and 64 mm in

* Chemical R-500 is a double carbonate (BaCO,, SrC03) mixture that has
been manufactured by the J. R. Baker Chemical Co.; Phillipsburg, NJ,
but is no longer being made.
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dia with a 25 mm wide slot in one side to allow for probing of the
plasma within it. The anode was water cooled so it would not melt at
the high discharge current levels where tests were to be conducted. A
tantalum torus with a 1.5 mm minor diameter and a 5 mm major diameter
was used as the keeper and it was positioned 1 mm downstream of the
cathode orifice plate. The axes of the cathode, anode and keeper were
all colinear. To assist in startup a resistive heater covered with a
tantalum foil radiation shield was placed on the cathode at the
location of the insert. The internal pressure of the cathode was
measured using a capacitance gauge, accurate to within * 1 Torr.
Because these pressure measurements were made in the plenum chamber
upstream of the cathode tube as suggested in Fig. 1 and because the
flowrates involved were low, it is argued that the measured pressure
1s close to the stagnation pressure at the cathode orifice. Cathode
wall temperatures were measured by viewing the interface of the
orifice plate and cathode tube using a micro-optical pyrometer located
outside the glass bell jar. Measurements were then corrected for
surface emissivity errors and absorption losses through the glass
using a calibration curve developed by making simultaneous temperature
measurements on a heated tantalum surface using a thermocouple and the
optical pyrometer. After the calibration had been completed,
significant coating of the bell jar could have changed the calibration
curve, but no evidence of a coating was seen and it is assumed the
initial calibration has remained valid.

The upstream Langmuir probe shown in Fig. 1 was constructed from
a 0.25 mm diameter tungsten wire that had been melted in a helium
atmosphere so a 0.8 mm dia sphere formed at one of its ends. This

relatively large spherical probe was used because probe data taken



upstream of the cathode involved collection of currents proportional
to the ion current density in the plasma (i.e. in the potential region
below floating potential) and this implies a very small current unless
the probe surface is large. Attempts to collect data at higher
potentials in the high density plasma within the hollow cathode were
not successful because the probe either perturbed the plasma
excessively or melted. It was found in fact that the probe could melt
even though its potential was raised only slightly above local
floating potential, if the discharge current was above about 9 A. The
quartz insulator used on the probe had an outside dia of 2.2 mm and
was reduced in size near the spherical collector to minimize the
perturbations the probe induced in both the plasma conditions and the
neutral atom flow pattern. A tantalum foil shield was placed around
the quartz tube near the spherical collector to reduce the rate at
which the Iinsulator was coated by material from the insert.

The two Langmuir probes shown downstream of the orifice plate in
Fig. 1 were used to collect plasma property data in this region. Two
probes were required so data could be collected over the complete
range of densities found there. The 0.8 mm dia spherical probe was
used to take data near the orifice where the densities are on the

13 to 1014 cm:3 It was constructed and operated to collect

order of 10
data in the same manner as the probe used upstream of the orifice.

The cylindrical probe shown in Fig. 1 was used to collect data further
from the orifice where the densities were lower (< 1013 cm-3). The
cylindrical probe utilized a 0.8 mm dia tantalum wire that protruded
0.5 mm from the end of the 2.2 mm outside dia quartz tube insulator.
Figure 1 illustrates the orientation of the two downstream probes with

respect to the cathode. Either probe can be positioned along a



10.4 cm radius arc that terminates at the cathode orifice. Typlcally
the spherical probe was swept to within about 1.8 mm of the orifice
plate. Attempts to move 1t closer resulted in sufficient blockage of
the orifice so the operating conditions of the cathode were perturbed
significantly. It should be noted that while one probe was being used
the other probe was allowed to float so its perturbing effect on the
plasma would be minimized.

The circuit used to drive the upstream Langmuir probe was the
same as that used by Siegfried.7 Using this circuit, the probe
voltage could be swept electrically from -15 V to +15 V with respect
to the potential of the cathode. The circuit made it possible to
sweep the probe voltage at a sufficiently rapid rate so probe
contamination effects were acceptably small; the ﬁeak sweep rate was
limited by the response time of the X-Y plotter used to record the
data. The upstream probe was cleaned before data were collected by
applying a -38 V bias to it to induce ion sputtering by cathode plasma
ioms.

The voltages on the two downstream probes were swept manually
using the simple circuit shown in Fig. 2. A high-quality, 3 k0
potentiometer, used with the voltage regulator shown, was required in
this circuit to produce a smooth and consistent voltage ramp signal to
the probe. The voltage/current traces generated were recorded on an
X-Y plotter. The circuit shown in Fig. 2 can be ramped from -10 V to
30 V with respect to cathodé potential. The 10 V battery shown serves
to bias the circuit and probe 10 V negative of the cathode so complete
Langmuir probe traces can be collected. Both circuits are powered
using batteries because they represent a stable and relatively noise-

free voltage source.



AVJVA uuw
SINdN | X D
y¥31101d
AX | H ~
A > 2V,
nUAr ”UYIIIIIIIO
380Ud >—e

3IN01) °2qoag apnwdue] weaijsumoq

g

3 ol

UNE

41 1=

471 I'==

c

0y98
dlZIEW]

HOLVYINOIY IOVLIOA

'z %13
3AOHLVD
ol

—
——— A Ol-
)
|
" — A OF
|
l
pia

's



Langmuir probe data were obtained over two different potential
ranges in this study (some taken over a potential range from low
values to above plasma potential--complete traces--and some taken only
up to about floating potential--partial traces). Different analysis
techniques had to be used to analyze these different data sets. The
partial traces (obtained using the spherical probes) were analyzed
using the method applied by Siegfried.8 This method involves direct
calculation of the electron temperature, determination of the plasma
density from the ion saturation current and estimation of plasma
potential using these results and the measured magnitude of the
floating potential. Where complete traces were taken using the
cylindrical probe, the method developed by Beattie9 was used. Both
analysis techniques were applied by digitizing data that had been
recorded on the X-Y plotter and then analyzing it using a routine
written for an IBM-compatible personal computer.

The emissive probe shown in Fig. 1 was used to measure plasma
potentials in the region downstream of the orifice plate. The active
emitter surface used in this probe was a 0.08 mm dia, 6 mm long
tungsten wire. This fine wire was spot welded between two 0.2 mm dia
nickel wires which were insulated from the plasma and supported by a
3 mm dia alumina double-bore tube. The end of the alumina tube at
which the emitter was located was covered with a castable ceramic that
insulated the nickel leads from the plasma thus leaving only the
tungsten wire exposed. This probe design and the circuit used to

10 The

drive it are essentially the same as those used by Aston.
emissive probe is designed so it can be swept axially along the common

centerline of the hollow cathode and anode. It is also designed so it

10



can be rotated off of the centerline and cut of the interelectrode
plasma when it is not being used to make a measurement.

The retarding potential analyzer (RPA), which is also shown in
Fig. 1, is located 10 cm downstream of the hollow cathode oﬁ the
cathode/anode centerline. A drawing of the RPA illustrating some of
its key features is shown in Fig. 3. Because this probe must operate
in a moderately high plasma density environment, special attention had
to be paid to the problem of shielding the ion collector so plasma
electrons could not reach it. This was accomplished by careful
attention to sealing at joints so plasma/collector coupling could
occur only through the two screens shown in Fig. 3. The first barrier
to electron leakage into the probe is the outer body (0.25 mm thick
stainless steel) and screen 1 which is connected to it. The second
barrier is the inner body and the screen connected to it (screen 2).
These body/screen pairs are isolated from each othgr using Kapton film
and from the collector, which is mounted on an iso-mica plate, so
these three components can be biased relative to each other.
Connections to the collector and the inner'body are made using,
respectively, the center and outer conductors of a coaxial cable.
Careful attention was paid to obtain a tight fit at the point of cable
entry into the device so plasma contact with either point of cable
connection or with the collector would be prevented. The electromesh
nickel screens used to cover the orifices in front of the collector
have an 85% optical open area and square openings 0.24 mm on a side.
Visual examination of the screens showed that they are not aligned and
as a result, ﬁhe ion current impinges on both screens. They are held
planar on 0.25 mm thick stainless steel éupport plates so uniform,

axial electric fields can be maintained throughout the probe aperture

11
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region. The voltages applied to screen 1, screen 2 and the collector
were measured and designated respectively Vsl’ Vs2 and VC' The
current to the collector (JC) was also recorded. Experiments were
usually conducted with screen 1 floating (at about -3 V rel#tive to
the cathode), screen 2 biased sufficiently negative to repel electrons
(at about -33 V (again relative to the cathode) while the collector
potential was ramped from a few tens of volts below hollow cathode °
potential to a few tens of volts above it while corresponding
collector current (Jc) and voltage (VC) data were recorded with an X-Y
plotter. Once these data had been recorded, the current/voltage
curves were fitted using a Fourier series and this series was then
differentiated to determine the energy distribution of the ions
falling on the probe. The curve fitting and differentiating procedure
used to do this work was developed by Anderson11 and is described in
Appendix C.

The circuit used to operate the hollow cathode included two 35 A,
60 V power supplies connected in parallel with each other so they
would have the high amperage capability required. These high quality,
transitorized power supplies were selected for this application
because they operate stably when they are driving a plasma discharge
(noisy) load. The 2 A, 160 V keeper power supply has a sufficiently
high output voltage so the keeper discharge can be initiated easily.
The heater power supply was capable of supplying up to 10 A. All
potentials were measured with respect to cathode potential and the
cathode itself was allowed to float with respect to earth ground.

Tests were conducted by first evacuating the vacuum chamber to
--7x10'5 Torr. The cathode was then heated with the resistive heater

for 30 minutes before 160 V was applied between the keeper and cathode

13



and xXenon gas was supplied through the cathode at a rate that ranged
as high as 12 sccm but was generally ~5 sccm for a brief time to
initiate the keeper discharge. Once the discharge had started the
flow was reduced and the anode power supply voltage was increased
until a discharge (anode) current of ~3 A was established. The keeper
supply would then be reduced to ~0.5 A and the heater would be turned
off. The discharge was allowed to stabilize for ~1 hr before tests
were conducted. During typical tests, the bell jar (ambient)
presssure was of order 1 x 10'3 Torr. This pressure is probably
somewhat higher than typical ion thruster discharge chamber pressures,
but may be close to values observed in the keeper discharge region of

a cathode that employes a baffle.

Typical test measurements showing the effects of hollow cathode
discharge current (JD ranging to ~60 A) on discharge (anode) and
keeper voltages (VD and VK) at two different cathode flowrates (ﬁs)
and a constant keeper current (JK) of 0.5 A are given in Fig. 4. At
both flowrates the trend of decreasing voltages with increasing
discharge current up to about 20 A and slight increases in the
voltages with current beyond that are observed. Voltages are observed
to be slightly lower at the higher flowrate with keeper and discharge
voltages being about 6 V and 12 V, respectively, at discharge current
levels beyond about 20 A.

At high discharge current levels, a very intense, luminous plasma
Jet extending from the cathode and curving upward until it contacted

the anode was observed. Figure 5 is a photograph of such a jet. This

14
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particular jet, observed when the hollow cathode was operating at

~50 A discharge current and ~20 V discharge voltage with a mass
flowrate of ~320 mA eq. extended about 8 cm downstream of the cathode
and was ~6 mm in diameter. Jets like the one in Fig. 5 are most
apparent at high current levels, but they can also be seen at lower
currents. For example, the jet observed at a 20 A discharge current
was less intense, was ~4 cm long and did not exhibit the curvature
seen in the jet for the 50 A case (Fig. 5).

Plasma Properties

Typical plasma property profiles measured downstream of the
orifice plate along the cathode/anode centerline using a Langmuir
probe are shown in Fig. 6. The discharge currents in this figure
cover the range over which the jet shown in Fig. 5 was readily visible
(40 A) and not apparent (10 A). The upper set of plots in Fig. 6
shows that plasma potentials, which are typically several volts below
anode potential, generally decrease with axial distance from the
orifice plate and that the general level of the plasma potentials
increases with discharge current. The fact that plasma potentials are
highest near the cathode orifice plate, especially at the higher
currents, is particularly noteworthy and it will be discussed later in
this report after additional data have been considered.

The axial, centerline profiles of Maxwellian electron temperature
and density, which are also shown in Fig. 6, indicate that the general
temperature and density levels increase with discharge current. The
temperature is axially uniform over the axial range shown, however,
while the density decreases rapidly with axial distance from the
cathode. The observed increases in temperature and density with

discharge current are considered to be due to the increased rate of

17
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ionization that accompanies increased current flow. Primary electrons
were also detected in the Langmuir probe data collected downstream of
the cathode orifice but the asgociated densities were typicglly only a
few percent of the Maxwellian densities. As a result it was difficult
to distinguish them and quantify their properties, especially when
data were being collected close to the cathode and probe traces only
extended only to floating potential.

The effects of cathode flowrate on axial plasma property profiles
at a discharge current of 20 A are shown in Fig. 7. These data
indicate that plasma potential and electron temperature are relatively
insensitive to flowrate over the range tested, but plasma densities
are higher at the higher flowrate especially near the cathode orifice
plate. As the legend suggests, this relative insensitivity of the
plasma potential and temperature torchanges in flowrate occurred under
conditions where the discharge voltage changed by 5 V.

Making Langmuir probe measurements in the region upstream of the
orifice plate became increasingly difficult as discharge current was
_increased because the plasma environment there became increasingly
hostile (cathode interior plasma densities and temperatures
increased). It was possible to collect data both upstream and
downstream of the cathode orifice when the discharge currents were
kept below 9 A and such data are shown in Fig. 8. Negative axial
positions in these plots represent positions upstream of the orifice
plate. These data show the plasma potential upstream of the orifice
increases to a maximum value of ~6 V near the orifice and then there
is a ~7 V voltage rise across the orifice to a 13 V plasma potential
downstream of it, They also show the electron temperature increases

as the orifice is approached from the upstream side and that there is

19
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an increase in temperature across the orifice. The most dramatic
property change is seen to occur in Maxwellian electron density which
rises to a very high level just upstream of the orifice and then drops
through the orifice. Because the difference in the two discharge
current levels for which data were collected is small, it is difficult
to see significant changes in plasma properties induced by changes in
discharge current.

Retarding Potential Analyzer Data

Rapid erosion of the baffles and other cathode potential surfaces
downstream of hollow cathodes oper;ting at high discharge currents
cathode has been observed by Rawlin4 and by Brophy and Garner? These
examples of erosion are believed to have been caused by ion
bombardment-induced sputtering but a source of ions with the energy
needed to cause such damage is not apparent. Specifically, ions
produced in the plasma downstream of a hollow cathode could acquire a
kinetic energy equal to the plasma-to-baffle potential difference
(about 20 V) as they approach the baffle. Ions (including doubly
charged ones) falling through this potential difference would not be
expected to induce sufficient sputtering to cause the observed erosion
rates. Because it was considered likely that the ions had a higher
kinetic energy than that associated with acceleration through the
anode-to-baffle potential difference, evidence of higher energy ions
was sought using the retarding potential analyzer (RPA).

Figure 9 presents typical RPA traces measured at discharge
currents of 10 and 15 A using an analyzer located 10 cm downstream of
the cathode orifice on the cathode centerline and sighted on the
orifice. The upper plot in Fig. 9 shows the actual ion current

collected as a function of collector potential measured relative to
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cathode potential. The lower plot displays the corresponding'
derivatives of the collector currents with respect to collector
potential determined using the procedure described in Appendix C. The
data shown in these lower plots are proportional to the distribution
functions of the ions incident on the RPA. The numbers on the
horizontal axis are numerically equal to the energies (in eV) that
singly-charged ions striking a cathode potential surface would have.
Doubly-charged ions would have energies equal to twice the indicated
horizontal axis voltages. Singly and doubly-charged ions cannot be
distinguished from RPA data, however, so the relative current
densities of these two species are not indicated. In light of these
facts, the figure suggests that most singly-charged ions striking a
cathode potential surface such as a baffle would have energies near 5
or 6 eV and doubly-charged ones would have twice this energy at both
the 10 A and 15 A discharge current operating conditions. At the 10 A
operating condition the solid line data indicate very few singly-
charged ions would have energies beyond 10 or 12 eV. At the 15 A
operating condition, on the other hand, the broken curve in the lower
plot of Fig. 9 suggests significant numbers of singly-charged ions
with energies ranging to 35 eV (and/or 70 eV doubly-charged ions)
could be expected to bombard a cathode potential surface such as a
baffle. This preliminary result is considered particularly
significant because it represents the first direct evidence that
increasing numbers of high energy ions are generated by a hollow
rcathode discharge as discharge current is increased and that the
energy of these ions can exceed the energy associated with the plasma-
to-cathode potential difference (approximately the 15 volt anode-to-

cathode potential difference in the 15 A discharge current case).
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It should be noted that there are irregularities associated with
the data presented in Fig. 9. Specifically, the data in the lower
plots show a substantial non-zero derivative at collector potentials
below zero. This result implies significant numbers of ions with
negative kinetic energies are present in the plasma and this is a
physical impossibility. It indicates that the RPA is not operating
properly as it is presently configured even at the relatively low
discharge current levels where the data of Fig. 9 were obtained. The
design deficiencies appear to be due to either small electron currents
that reach the collector or nonuniform electric fields that develop in
the vicinities of the screens and the collector. While the probe
appears to be working properly at positive collector potentials (the
ion energy range of interest), more work is needed to improve its
design and performance and to extend its useful range of bperation to
higher cathode discharge current levels.

A Theory of High Energy Ion Production

The ion current data of Fig. 9 and the evidence of rapid baffle
erosion observed at high hollow cathode current levels both suggest
the existence of a population of fons with energies and current
densities that increase with cathode current. It is not obvious,
however, how such ions could be created in plasma environment where
the maximum potentials measured in the plasma and on the anode are
about 15 V. It would be expected that ions created in this
environment would achieve a maximum kinetic energy of 15 eV as they
were accelerated to a cathode potential surface. Higher ion kinetic
energies could develop only if the ions were created at a location
where the plasma potential was substantially greater than the

discharge voltage. Langmuir has pointed out that this condition can

25



develop when high energy electrons are injected into neutral gaslzand
such a region of high potential was observed to develop immediately
downstream of a hollow cathode emitting electrons in a hollow cathode
plasma contactor experiment by Williams.13 The potential hill
observed by Williams was measured at a low emission current (< 1 A)
but the fact that it was observed at all demonstrates that potentials
above anode potential can and do develop immediately downstream of a
hollow cathode.

The physical mechanisms by which a region of high potential could
develop can be understood by considering a jet of electrons being
ejected out of a hollow cathode orifice through a plume of relatively
high density neutral gas also coming through the orifice. It is
postulated that electrons are accelerated to substantial kinetic
energies as they pass through a double sheathl2 located at the
downstream edge of the hollow cathode orifice. The data of Figs. 6
and 8 suggest a substantial potential difference that could sustain a
double sheath does develop across the orifice plate. Electrons
accelerated through such a double sheath would be likely to ionize
some of the neutral gas through which they were passing. If one
presumes the electrons had kinetic energies significantly in excess of
the ifonization energy of the gas atoms, then the secondary and primary
electrons coming out of the ionization event would also tend to have
substantial kinetic energies. These electrons would therefore tend to
escape from the region rapidly, leaving behind the less-mobile ions
that were a product of the ionization. The net result of this
sequence of events would be the accumulation of net positive charge
which would induce the increase in plasma potential (i.e. the

potential hill) observed by Williams just downstream of the cathode
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orifice. This potential hill in turn provides the mechanism whereby
forces could be exerted that would accelerate the ions out of the
ionization region (to the high energies observed using the RPA) and
retard the electron loss rate by a plasma seeking to maintain charge
neutrality.

In order to determine if the potential hill suggested by the
preceeding argument was present, the emissive probe was used to
measure plasma potential profiles along the downstream centerline of a
hollow cathode operating at various, high discharge currents.

Figure 10 shows plots of plasma potential as a function of axial
position measured at three different discharge current levels in these
tests. For a discharge current (JD) of 3 A, the discharge voltage
(VD) 1s 22 V but the data indicate the plasma potential reaches only a
~16 V peak at a location about 5 cm downstream of the orifice.
Although this peak potential does not surpass the discharge voltage,
it does indicate a potential hill can develop just downstream of the
cathode. The emissive probe data of Fig. 10 show, however, that the
potential hill disappears when the discharge current is increased to
10 A and that a potential depression develops at 20 A. The Langmuir
probe data presented previously (Figs. 6, 7 and 8) had shown just the
opposite trends (the development of a potential hill that became more
substantial as discharge current was increased) so both sets of data
were called into question.

In an effort to resolve differences between various measurements
it should be recalled that there is a very intense plasma discharge
(high plasma density) close to the cathode orifice and because of
this, only the ion saturation portions of the Langmuir probe

characteristics can be collected there. Analysis of such data
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probably yields plasma potentials like those shown in Figs. 6 through
8 that are accurate to within #20% but no better. The emissive probe
data are, however, subject to a more pervasive error in the high
plasma density environment close to the cathode. This error is
associated with the fact that the emissive probe filament must be at a
sufficiently high temperature so electrons can be emitted
thermionically from it at a rate equal to the arrival rate of random
thermal electrons from the plasma. If the filament is not hot enough
to satisfy this condition, then the probe will float below the
prevailing plasma potential and since it is this floating potential
that is measured, the probe will indicate a plasma potential that
drops progressively further below the true value as plasma density is
increased. The currents emitted (Je) and collected (Jc) by a probe

are described by the equations:

Je - A e(T) : (L)
and
8kT
J =k*ena /—2 (2)
c 4 e x me

where A is the area of the probe filament wire exposed to the plasma,
€(T) is the temperature-dependent electron emission current density of
the probe (A/m’)ls, e 1s the electronic charge, n, is the density of
plasma in which the probe is located, Te is the electron temperature
and m, is the electron mass. Applying the requirement for accurate
probe operation (Je - Jc), limiting plasma densities can be computed
as a function of emissive probe temperature by equating Eqs. 1 and 2.

Figure 11 shows two values of these limiting densities pertaining to
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the maximum temperature at which the ultimate tungsten probe could be
operated (3370 °C-its melting temperature) and the maximum temperature
at which the present probe can be operated without burning out
(estimated to be ~3000 °C). Also plotted in this figure are axial
plasma density profiles determined from Langmuir probe measurements
(from Fig. 6). It is apparent from the data of Fig. 11 that an
emissive probe will indicate plasma potentials that fall progressively
further below the true values as the probe is moved closer to the
cathode into the progressively higher density plasmas located there.
Thus, it may be concluded the plasma potential profiles shown in
Fig. 10 are in error. They should probably show a potential peak
developing within a centimeter of the cathode as the Langmuir probe
data do, but they do not because the probe cannot be maintained at a
sufficiently high temperature to indicate properly in the high density
plasma that exists there. Further, the departure between these true
and measured plasma potentials increases as cathode discharge current
is increased.
The Effects of Discharge Current on Cathode Temperature and Pressure
As the discharge current associated with the typical cathode used
to obtain the data for Fig. 7 is increased both the temperature of the
cathode wall and the cathode interior pressure increase in the manner
shown in Fig. 12. As the data in the upper plot indicate, the cathode
wall temperature dependence on flowrate is small. The magnitudes of
the temperatures shown at discharge currents above about 10 A are
considered excessive because they would induce rapid, low work-
function material migration from the insert. This would be expected
to result in turn, in relatively rapid degradation of the insert and a

short cathode lifetime. It is noted, however, that these temperatures
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could be reduced by redesigning the cathode to enhance radiative and
conductive heat transfer from the electron emission zone where much of
the heat is deposited.

The cathode interior pressure was expected to increase in direct
proportion with discharge current, as the straight lines in the lower
graph in Fig. 12 suggest. At low current levels (< 30 A) this
variation was observed at both flowrates for which data are shown in
this figure, but at higher currents for ﬁs = 280 mA eq. the pressure
showed less than a linear increase. This departure from linearity is
believed to be caused by propellant leakage from the cathode or
cathode plenum into the vacuum bell jar through an opening other than
the orifice. This leakage problem is one that is still being
addressed.

The data of the lower plot of Fig. 12 are striking because they
suggest that pressures within this particular cathode, which has not
been designed specifically for high current operation, approach
100 Torr at high currents. The calculated length over which electron
emission would occur on an insert in a cathode operating at such

14 Such a small

pressures would only be a few tenths of a millimeter.
emission region length would be expected to result in a high emission
region temperature and consequentially rapid degradation of the
insert.

In order to apply a model describing the processes occurring
within a hollow cathode14 one must be able to relate the cathode

interior pressure to the cathode flowrate and orifice diameter. The

basic equation that should relate these quantities is:
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Cm /T (3)

where m is the propellant flowrate through the cathode, do is the
orifice diameter, Tni is the temperature of the neutral atoms inside
the cathode and C is a constant that is determined by the extent to
which the flow is free molecular or continuum. If one treats the
neutral atom temperature as relatively constant, this equation
suggests the cathode interior pressure could be normalized to account
for the effects of flowrate and orifice diameter using the parameter

Pst dg/ﬁs. In this expression, P__ would represent the cathode

st
Interior stagnation pressure and ﬁs the rate at which propellant is
being supplied through the cathode. When this correlating parameter
is applied to the data of Fig. 12, the correlations shown in the upper
plot of Fig. 13 are obtained. If this were a good pressure/flowrate
correlating parameter, all of the data would be scattered about a
common line and if it also correctly reflected the effects of
discharge current on the flow of fluid through the orifice, the line
would be horizontal. In this case the data do not correlate
particularly well in either sense.

It must also be recognized, however, that the suggestion made
earlier that there is a double sheath located at the cathode orifice
implies that there is ion backflow through the cathode orifice. While
one might expect this back flowrate to be small its effect could be

taken into account by applying the equation for the total atom

flowrate through the orifice:

51.[.-5:9+i\1 (4)
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where ﬁs is the propellant flowrate supplied and 61 is the propellant
flowrate due to backstreaming ions. The term "backstreaming ions”
used here represents ions that enter the cathode from downstream of
the orifice and once they have backstreamed through the orifice the
only way for them to leave the cathode is as neutrals. Ions that
backflow, therefore, contribute to the total mass flowrate through the
orifice. To calculate the ion backflow rate into the cathode, the ion
current is assumed to be flowing at the space-charge limited
condition12 at which the backflowing ion current (Ji)' which is

numerically equal to the ion flowrate in mA eq., is given by:

£
-J m, - (3

In this equation the electron current Je is assumed to be equal to the
discharge current and m, and m, are the electron and ion masses
respectively. When this total flowrate is used to form the
correlating parameter in place of the flowrate of propellant being
supplied directly to the cathode, the data plotted in the lower plot
of Fig. 13 are obtained. This plot shows better correlation between
the data, but the data are étill not coincident. More work needs to
be done to obtain accurate flowrate and pressure data and possibly to
account for changes between continuum and free molecular flows to
obtain better correlations. The lines in Fig. 13 are also not
horizontal and this means that the effects of'diééharge current have
not been completely taken into account. It is believed that this
condition can be corrected by accounting for collisional drag induced

by ions that backstream through the cathode orifice and collide with
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neutral atoms flowing out of this small passage. Currently a method

to account for these collisions is being developed.

CONCLIUSIONS

There is significant experimental and theoretical evidence that
ions can be created at potentials substantially above anode potential
in a region of high plasma potential that develops immediately
downstream of the orifice of a hollow cathode. Both Langmuir probe
and RPA data suggest that the plasma potential in this region
increases with discharge current to the point where ions created there
could acquire a high kinetic energy. If they were then allowed to
impinge on a cathode potential surface such as a baffle they could
erode it rapidly. Emissive probe measurements do not show that such a
region of high plasma potential develops as discharge current is
increased, but theoretical analysis suggests that the probe does not
operate properly near the cathode orifice because plasma densities are
too high there.

Langmuir probe measurements made upstream and downstream of the
orifice plate of a hollow cathode yield plasma property data that
appear to be reasonable in light of data obtained previously as lower
discharge current levels. Plasma densities reach very high levels at
the cathode orifice, and these densities increase in about direct
proportion to the discharge current. Cathode wall temperatures and
interior pressures are found to be so high that they would be expected
to limit cathode operating lifetimes under the conditions of cathode
cooling and orifice size used in these tests. Additional effort is

required to obtain a reasonable correlation between cathode flowrate,
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discharge current and cathode interior pressure that can be used in

mathematical models describing hollow cathode operation.
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INVESTIGATION OF A HOLLOW CATHODE FAILURE
John D. Williams

During the grant period, a hollow cathode being used in a plasma
contactor experiment failed. Subsequently, it was determined that the
failure had occurred because a bellows in the gas supply valve had
developed a leak that allowed air to enter the cathode while it was
operating. Up until the time of failure it had been operating at a
keeper current and voltage of 1.0 A and 8-15 V, respectively, and a
net electron emission current to the vacuum chamber plasma of 0.5 A.
The failure itself was characterized by a gradual increase in
discharge voltage. The failure was reconized when the discharge went
out and could not be resarted. The physical arrangement of the
cathode throughout the testing period that preceeded failure is
illustrated in Fig. 14. As this figure suggests, the cathode axis was
pointed down, toward the Earth. Because the cathode utilized a keeper
plate with no orifice in it and because the plate was located directly
beneath the cathode, at least some and probably most of the material
expelled during the failure was collected. The material that came out
of the orifice during the period when it failed formed a small (2-3 mm
dia.) mound on the keeper plate. This material appeared grey to the
naked eye.

When the cathode was removed, the cathode tube was found to have
a longtitudinal crack in it and the swaged heater wire was also
damaged in this same location. The condition of the cathode tube and
heater suggested the failure occurred as a result of a high cathode

interior pressure. As the cathode was being handled, the tungsten
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orifice plate and part of the hollow cathode tantalum tube fell off
and the badly deteriorated tantalum foil insert that had been treated
with Chemical R-500 could be viewed. Inspection of the interior of
the hollow cathode indicated that it was completely packed with a
white powder. This powder was similar in appearance at all locations
but there were a few particles with a slight green hue located close
to the orifice plate. Inspection of the orifice showed that it had
enlarged from an initial diameter of 0.38 mm before the failure to
0.46 mm after it.

The material from inside the cathode and the grey mound found on
the keeper plate were all examined under a scanning electron
microscope. Figure 15 shows the appearance of the white powder
(Fig. 15a), the particles with the light green hue (Fig. 15b) and the
hard grey material (Fig. 15c¢). The black and white bars on these
micrographs indicate distances of 0.1 mm, 10 pm and 10 zm,
respectively. The compositions of each of these materials was
analyzed using energy dispersive x-ray analysis and the following

results were obtained:

Element  Atomic $

Hard Grey Material on the Anode 0 88
4 11
Ta 1
Particles with Light Green Hue o] 87
w 4
Ta 4
Sr 5
Ba 1
White Powder 0 70

Ta 30

The should be noted in evaluating the above data that the

apparatus used to make the compositional measurements is relatively
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insensitive to nitrogen, so there could have been significant amounts
of nitrogen that were not detected and are therefore not included
among the elements listed. However, these data indicate the grey
mound found on the keeper directly below the tungsten orifice plate is
probably tungsten oxide from the orifice plate. The white powder
found within the hollow cathode is most likely tantalum oxide (Ta203
and TaOS). Finally, the unusual green-hued particles also found with
the hollow cathode may have been produced through a reaction involving
barium and strontium that came from the R-500-treated, tantalum foil
insert. It is also possible, however, that some tungsten oxides,

which are yellow and blue could combine to yield this color.

S
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RING CUSP/HOLLOW CATHODE DISCHARGE CHAMBER
PERFORMANCE STUDIES*

J. A. Vaughn® and P. J. Wilbur!
Colorado State University
Fort Collins, Colorade U.§.A.

ABSTRACT

An experimental study performed to detsrmine the
effects of hollow cathode position, anode position
and ring cusp magnetic fleld configuration and
strength on discharge chamber performance, is
described. The results ars pressnted in terms of
comparative plasma ion snergy cost, extractsd {on
fraction and beam profile data. Such comparisons are
used to demonstrate vwhether changes in performance
are caused by changes i{n the loss rate of primary
slectrons to the anode or the loss rate of ions to
discharge chamber walls or cathode and anode sur-
faces. Results shov 1) the rate of primary electron
loss to the anods decreases as the anode {s moved
downstream of the ring cusp toward the screen grid,
2) the loss rats of lons to hollow cathods surfaces
are excessive i{f the cathods is located upstream of a
point of peak magnetic flux densiry at the discharge
chamber centerline, and 1) the fraction of the fomns
produced that are lost to discharge chamber walls and
ring magnet surfaces is reduced by positioning of the
magnet rings so the plasma density {s uniform over
the grid surface and adjusting their strength to a
level vhere it is sufficient to prevent excessive fon
losses by Bohm diffusion.

A study conducted by Hintt1 on a specially
designed 8 cu dia. ring cusp magnetic field fon
source has shown the effects of the positions of a
loop filament cathode and loop anode on discharge
chanber performance. Based on this work it wvas
concluded that the performance of a ring cusp dis-
charge chamber is best when 1) the surface of revolu-
tion of the innermost magnetic field line that
intercepts the anocde (i.e. the virtual anode surface)
also intercepcts the outermost ring of holes in the
screen grid and 2) the surface of revolution of the
outermost field line that incercepts the outer
boundary of the electron source ({.a. the virtual
cathode surface) is located relative to the vircual
anode so that the discharge is on the threshold of
extinction at the prevailing discharge voltage.

Hiact used a refractory filament cathods in his study

because it vas corvenient and it could be positioned

to control precisely the virrual cachode surface
(1.e. the field line surface of revolution on vhich
primary electrons are released into the discharge
chamber). The study prasencted in this paper is
similar in_focus to the one conducted by Hiatt, but
hollow cathodes, vhich are better suited for long
life spacs applications, are used in place of the
refractory filament cathodss used by Hiasct. The
objective of this study has been to dsvelop an
undersctanding of the mechanisas vhersby the field
strength and location of ring cusp fields and the
location of the hollov cathods and anoda relative to
these fields influsnce discharge chamber performance.
The tests were conducted on a small (7 cm
diameter) ion source that utilizes high flux density

:Uork Supported by NASA Grant NGR-06-002-112

magnets, The use of these magnets in such a small
source produced fields that panatrated deep into the
chamber and as & rasult the volume of the low mag-
netic flux density zone in the chamber wvas small. It
is difficulc to achieve good parformance in such a
chanber, but the sansitivicy of {te performance to
changes in such parameters as cathods and anode posi-
tion is great and it vas believed this would make it
sasier to identify the effects of changes and gain an
understanding of the phenomena and mechanisas
involved.

AFPARATUS AND PROCEDURE

A cross sectional view of the 7.0 ca dia.
multiple ring cusp discharge chamber used in the
study is shown in Fig. 1. It was designed as a
flexible research tool in which the dimensions
labeled could be varied to determine their effect on
performance. For this study, howavar, the steel
discharge chanber dismeter and length !, and the beanm
dianeter db wvers all held constant at 9.0 ca, 5.0 cn
and 7.0 cm respectively. This short 5.0 cm discharge
chamber was used to provide the flexibility necessary
to position the hollow cathods both upstream and
downstream of the ring cusp magnet reference location
shown near the aiddle of the chamber. The magnetic
field in the discharge chamber was produced by two
radially facing ring magnets with their mid lines
located 0.3 cm and ~3.0 cm upstream of the screen
grid and one axially facing ring magnet surrounding
the hollow cathode and located on tha upstrean end of
the discharge chamber. The central ring magnet,
vhich is located a distance £_ upstream of the
grids, vas varied during one tist, but the ring
magnet nearest the screen grid and the one on the
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upstream face remained fixed throughout all tests.
Note that the positions of the anode 2 and cathode
£ _ are measured vith respect to the axial reference
1§cation at the center of the central (radially
facing) ring magnet. Each ring magnet is made up of
small (1.2 ca by 0.6 cu by 0.5 ca) samarium cobalt
magnet segments vith a strength of 0.27 T at their
surfaces. The rings wers formed by placing the
magnet segments end-to-end either around the {nner
circumfersnce of the discharge chamber (radially
facing magnets) or in a circular pattern with an
approxisace diametsr of 3.0 co (upstream magnet).

The steel strips and the washer, vhich are shown
covering the radial and axially facing magnets
respectively in Fig. 1, vers used to distribute the
magnetic flux uniformly over each ring surface during
a test in vhich the numbers of magnet segments in
sach ring wvers varied and the effacts of sagnetic
flux density on discharge chamber performance wvers
investigated. The tantalum loop anods shown {n

Fig. 1 has a fixed diameter d_ of 5.2 cm and undar
the action of the lead screv yoks {t can bs moved
either upstream or dovnstream of the axial reference
location. Becauss anods locations upstream of this
location resulted in very poor performance and
instabilities that prasvented data collection, results
pertaining only to downstream anode locations
(positive values of 1 ) will be presented.

A 0.64 cu dis calum tube was slectron beam
welded to a tungsten orifice plate vwith a 0.76 mm dia
orifice to form the hollow cathods shown in Fig. 1.
It utilized a R-500 ctreated rolled tantalum foil
insert and vas equipped vith a swaged heatsr to
facilicate startup. As the Zigure suggests the
cathode i{s mounted in an electrically insulating
boron nitrids mounting plats/slesve assembly, which
keeps it isolated electrically but allows it to be
moved axially from one test to the next by changing
spacers at the cathode supports. This assembly is
sufficliently leak tight to prevent significant
propellant leakage from the discharge chamber into
the vacuum systas. The cathods orifics plate can be
moved upstream (negative Ic) and downstream (positive
21 ) of the axial referance location. The toroidal
tincalum keeper shown in Fig. I has a 0.16 cm minor
diameter and a 0.32 cm major diametsr, is positioned
0.8 am downstream of the hollow cathods orifics plate
and {s supported by the boron nitride mounting plate.

Xenon propellant which has been used in all
cests vas supplied through both the hollow cathode
and the main propellant feed line. The total flow-
rate into the chamber, used to computs propsllant
efficienciss and neutral acom loss rates, reflected
both of these measured flows as well as the bnckﬂo!
of xenon from the vacuum chamber through the grids.

The dished small hole accelerator grid (SHAG)
optics set has screen and accel hole diameters of
1.9 am and 1.5 mm, tespsctively, and these holes are
arranged vith a 2.2 ma centerline to centerline
spacing. The cold grid spacing vas 0.6 == and the
grids wers maintained at 750 V (screen grid) and
<250 V (accel grid) for all tests. The experiments
wers conducted In a 46 cam dia bell jar wvhich vas

diffusion pumped to a background pressure in the low
10 ° Torr ragge. Ty-piul_.‘cpcncing pressures vere in
the high 10 ° to low 10 range over the range of

xenon flows used i{n the tests.

A Faraday probe was swept through the beam 4 cu
downstream of the sccel grid to measurs besm current
dansity profiles. The probe comsists of a 0.6 cm dia
molybdenum iom current sensing disc that is shielded
from the beam plasma slectrons by s stainless steel
scresn biased 9 V belov ground potential and {s
enclosed in a stainless steel body. Figurs 2 shovs a
typical besm cuxrent density profile; this one was
maasured st a 100 mA beam current (J,) and the other
conditions defined in the legend by Bimultansously
inputing the ion current signal from the probe sensor
and radial positiom of the probe to an x-y recorder.
Current density profilss wers analyzed numerically to
detarmine the beaa flatness parameter and total beam
current ({.e., the integrated beam currant) associ-
ated vith the profile. Integrated bsan currents vere
always found to agree vwith directly measursd baasm
currents to within % 10 8. Ths beam flatness param-
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Fig. 2. Typical Beam Current Density Profile
eter is a measures of the uniformicy of the beam
profils and is defined as the average-to-maximus beam
curzent density ratio measured closs to the grids.

The magnetic field configuraction of a discharge
chamber has been found to have & major influence on
the performance of that chamber and it is frequently
important that the field prevailing in a chamber
during a test be described. This can be accomplished
by using {ron filings maps and flux density contour
naps measured in the actual chamber. During the
conduct of this work, howaver, it vas detqrmined that
& computer algorithm developed by Arakawa” could be
used to generate both Cypes of maps reliably, quickly
and vith relative ease so it has been used to gener-
ate the maps contained in this paper. The computer
algorithm allows the usar to enter paraseters vhich
describe the discharge chamber geometry, the parma-
nent magnet locations in the discharge chamber and
their sagnetization levels. The program then solves
for the magnetic field vector potential at each
slenent using the finite element method. The mag-
netic fiald vector potential can be plotted as a
function of position in the discharge chamber to
produce a computar-generatad (pseudo) iron filings
map like the one shown in Fig. 3. This particular
Bap vas produced for a flux density measured at the
surfaca of the steel strips B, of 1200 gauss and che
geometric data shown in the liglnd. Because the
COmputer Program generates an axis-symmetric view,
only half of the map {s plocted. By taking the
gradient of the vector potential map the program can
also be usad to generate a constant flux density
contour map. Figure 4 {s a typical example of such a
computer-generated magnetic flux density contour map
for the same discharge chamber and magnet configura-
tion that produced the filings map shown in Fig. 3.
It should be noted that the contours shown decrease
logarithmically with di{stance from the discharge
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Fig. 3. Pseudo Iron Filings Map (Computer Generated)
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Fig. 4. Magnetic Flux Density Contour Map (Computer
Generated)
chamber walls. Maps like those shown {n Figs. 3 and

4 can be used to explain the effects of magnecic
field changes on discharge chamber performance. They
make it possible to view the effects of changing ring
magnet positions and strengths on magnetic field line
patterns and flux densities in the discharge chamber.
Tests were initiated by flooding the hot hollow
cathode with xenon propellant and then applying a
sufficiently high kesper voltage (~200 V) to scart a
keeper discharge. After startup the keeper voltage
vas varied as required to maintain a 0.1 A keseper
current for all testing. The cathode flowrate was
reduced once the keeper discharge had started and a
discharge to the anode, which wvas held at a 40 V
potential, vas established. The current being drawn
to the anode was maintained at approximataly an
ampere by controlling the main and/or cathods flow-
rates until thruster operation had stabilized. After
a period of stabilization, tests were typically con-
ducted by setting the xenon flowvrate through the
hollov cathode to ~ 20 mA eq (Xe) and that into the
discharge chamber to - 95 mA eq (Xe) while maintain-
ing the discharge voltage V, at 40 V. The cathode
and discharge chamber flowrdtes m_  and m,, the vacuua
chamber background pressure P_, the kugor voltage
V., the discharge currenc J ,°beam current J , and
:‘o‘nl ion production rate ogpruud as a curgon: S
corresponding to this operating condition were all
msasured and recorded. Measurement of the total ion
production current was accomplished by biasing the
discharge chamber walls and screen grid 30 V nega-
tive of the hollow cathode to repel all electrons
from these surfaces and sensing the ion current
arriving at the discharge chamber magnet and wall
surfaces J,, and the screen grid J,. These two
surfaces vers isolated froa sach oihur so the cur-
rents of lons to each surface could be separated.
The sum of these two currents plus the beam currsnt
is the total ion production current.

(1)

Knowing the total ion production current the plasma
ion energy cost ¢, (the energy cost of producing an
ion {n the plasma) and the extracted ion fractiom f,
(the fraction of the total ions produced in the
discharge chamber that ars being extracted into the
bean) could be computed using thes exprsssions

Jr- J‘, + Js + J‘

ValJn - J3)
‘P_.LEP_L (2)
and,
J
£ - <R (3
B JP

The loss rate of nesutral atoms through the grids,
vhich is proportional to the discharge chamber atomic

density and i{s cherefore called the neutral densicy
parameter, vas also computed using

. . » P ‘ b

m(l - n“) - + ‘d + 713&#' kT, - JB' (4)

In this equation, the area of the bean, ¢_the
transparency of the grids to neutral atom badk flow,
m, the atom/ion mass, k Boltzmann’s constant, e the
oioccronic charge and T_ the ambient (vacuum chamber)
nsutral atom culpctlturg are all known.

After all the currsncs (J., .IB and J;), the
voltage (V. ) and other data hna been nco;dcd at the
inicial flgv condition, the discharge chamber flow-
rate vas increassd while the hollow cathode flowrace
and discharge voltage were held constant. This
caused the discharge current and hence the other
currents and kssper voltage to change and their new
values were recorded. This process of increasing
discharge chamber flowrate and recording daca vas
continued until the accel grid {mpingement current
increased to ~10 mA. The hollow cathode and dis-
charge chamber flovrates vers then both reduced and
the procass of recording data, as the discharge
chamber flowrate vas increased incrementally and the
cathode flowrate and discharge voltage vers held
constant, wvas continued. This process of reducing
the hollow cathode flowrate and increasing the dis-
charge chamber flowrate i{ncrementally continued
until data had been recorded over a vidse range of
discharge chamber neutral atom density levels (and
therefore a wide range of discharge currents) at the
prescribed 40 V discharge voltags. Typically, the
hollow cathods flowrate had to be decreased from 20
to 10 mA eq (Xe) vwhile the discharge chamber flowrate
had to be increased from 95 to 460 mA eq (Xe) to
cover an adequate range of neutral atom densities.

The effacts of varying the position of the anode
and the hollow cathode wers investigated by firsc
placing the cathods at a particular location in the
discharge chamber and then moving the anode down-
streanm in increments (i.e. onto field lines located
progressively further from the virtusl cathode). At
sach anode position, plasma fon snergy cost and
‘axtracted ion fraction data vere recorded as a func-
tion of neutral density paraneter using the procedura
dascribed in the preceeding paragraph. This process
continued until the anods vas 3o far downstream of
the cathode that the discharge currents drawn to the
ancde vers small. The cathode was then repositioned
and the process of goving the anode and varying the
flovrates vas rspsated. The range of cathode posi-
tions investigated vas from 0.6 ca upstream (2 =
-0.6 cm) to 0.5 ca downstrean (2= 0.5 ca) of fhe
reference locationm.

A second set of experiments was conducted in
which the effects of varying the magnetic flux
density B, at the surfaces of both the steel strips
and the vi:hor covering the ring magnets was
investigated. The magnetic flux density was varied
by removing individusl samarium cobalt magnet
segments from each ring magnec and placing a steel
strip or washer of sufficlent thickness to produce a
common, uniform surface magnetic flux densitcy over
the entire surface of each ring magnet. This
required that the thickness of the strips and the
vasher be increased as the surface magnectic flux

-density was decreased in incremsnts from 2700 gauss

to 350 gauss. At each magnetic flux densicy
condition plasma ion energy cost and extracted ion

—fraction data wers recorded as a function of
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discharge chamber neutral density parameter using the
axperimental procedure described praviously.

A final experiment was conducted in which the
upstrean ring magnet position (£ ) was varied from
2.7 to 3.6 ca_in increments of 0.3 cm to determine
the effects of such changes on discharge chamber
performance. The positions of the anode and hollow
cathode vers held constant relative to the reference
location on this magnet during the test, so magnet
ring, anode and cathode wers all moved in unison.

The procedurss ussad to msasure plasma ion anergy cost
data as a function of discharge chamber neutral
density parametar vers as described praviously.



EXPERTMENTAL RESULTS

Experimentally measured discharge chamber
parformance can be described in terms of plasma ion
anergy cost ¢, vs. discharge chamber nautral density
parameter a(l' - n ) plots like the example shown in
Fig. 5. These pafticular data vere rscorded using
the discharge chamber having the configuration
described by the parameters listed in the legend when
the flux density By at the surface of each magnet vas
1200 gauss. . 4

The theory developed by Brophy suggssts the
sxperimental data of Fig. S should be fitted by the
equation

= cp (1- axp(-Cyacl - mdDt (%)

wvhen the parameters c' (the baselins plasaa ion
anergy cost) and C, (the primary electrom utilizacion
factor) are ulcc:gd properly. In the case of the
daca shown in Filg. 5 & non-linesr least-squares curve
fit of the data yields the values of thoss parameters
given on the figure. The data and the curve show a
good correlation betwesen the data and the modal that
is typical of all of the results obtained in this

study.
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Fig. S. Typical Discharge Chamber Performance Data

The primary electron utilizacion factor C. like
the one computed from the data of Fig. § d.lcgibcn
the probability that primary electrons coming from
the cathode will have inelastic collisions and lose
the bulk of their energy before they reach an anode
potentlal surface. The baseline plasma ion energy
cost ¢, is the average energy cost of producing an
ion in"the discharge chamber vhen tha neutral density
is sufficiently high so that all primary electrons
have inelastic collisions bafore they reach the
anode. Ideally, the baseline plasma ion energy cost
assumes a nowinal value detsrmined by the type of
propellant, the discharge voltage V., and the
potential from which elsctrons are anvn {nto the
chamber V_ (i{.s. the electron sourcs potential).
Hovever, ff all of the {oms produced in the chamber
ars not measursd (e.g. sows escape to the hollow
cathods or to the anods), or {f Maxwellian slectrons
carry substantial amounts of energy to the anods, the
baseline plasma ion ensrgy cost ¢, will incrasase
sbove {ts nominal value. The pcgticulnr dischargs
chanmber used in these tests was designed so ion
losses to the hollow cathode and ancds could be made
spall to minimize the sffects of thess ion losseés on

[ FN

P The other parameter needsd to describe discharge
chanber performance ig the extracted ion fraction fl
(i{.e. the fraction of ths fons produced in the
discharge chsaber that ars extracted into the beam).
This parameter is a measure of the effactivensss of
the magnetic field in praventing the ions froa
reaching discharge chamber surfsces and directing
thes tovard the grids.

The advantage of describing discharge chamber
performance In tergs of the energy cost of a plasma
ion (i.s. C, and ¢,) and the extracted {on fractiom
f, {s that ghcy uago it possible to identify the
ngchanisus responsible for changes in discharge
chamber performance. For example one can determine
Lf changing the location of the anods causes a
decrimental change in performance and if this change
is due to increased losses of primary electrons (a
decrease in C,), increased losses of {ons to hollow
cathods or nngd. surfaces or an increase in the
average energy of Maxwellian electrons bging
collected by the snode (an increass in ¢j) or
incressed losses of jons to some other d;achnrgu
chamber surface (a decrease in f.).

It shoyld be noted that a kgovlodge of the
values of ¢, C, and £, {5 sufficient to anable one
to computs gh- glsociagod bean ion snergy costs of a
chamber as a function of propellant utilization
efficiency.

Kffects of Anode Position

The results of the study conducted by Hiace!
showed that discharge chamber performance improves
when the anods is moved downstream of the axial
refersnce location up to the point vhere the
discharge {s on the verge of extinction. It was
suggested that the dovnstream sovement of the anods
improved performance because it reduced the loss
races of higher energy Maxwellian and primary
eslectrons, to the anods up to the point where the
orthogonal line integral of the magnetic field
betwaen the virtual cathode and anocde surfaces became
too great and the discharge would go out. Similsr
results were also observed in the present study vhers
a hollow cathode was used in place of the filament
cathode. However, in the case of the hollow cathods
sxperiments, an actual extinction of the discharge
vas not observed. Rather the discharge current would
decrsass until it became too small to produce
significant numbers of ions as the anode wvas moved
dovnscream and the discharge voltage and propellant
flowrace vere held constant. The higher the
discharge voltage and propellant flowrate the further
downstrean the anode could be moved befors this
situation developed. :

Typical experimental results obtained during a
test to investigate the effects of moving the anode
on discharge chamber performance ars presented in
Fig. 6. These results yre qualitacively similar to
those obtained by Hiatt™ in a similar discharge
chanber equipped with a f{lament cathode. The data
vere recorded using a chasber with the dimensions
shown {n the legend when the magnetic surface flux
density ls was 1200 gauss. The data points shown at
L = 0.96"ca were recorded with the anods just

stream of the operating point vhere the maxioum
discharge current that could be drawn dropped
precipitously at nominal discharge voltage and total
flow conditions (40 V and 3150 mA eq (Xe)). It is
noted that lowv values of ¢,, and high valuss of C0
and £, are desirabls so opxucion wvith 1_ far
dmnu!ru- (large values of 1 ) is pnt’o!tod.

Becauss the propellant, discharge voltage and
slectron source potantial (kseper voltage) vers
constant for thess tests it is arguad that the
decreass in baseline plasms ion energy cost with
downstream anode movement is caused by the decreass
in the sverage energy of Maxwellian electrons being
collected ag she anode thact has been observed
praviously.™’ This preferential collection of
progressively lower snergy electrons as the anode is
moved downstream occurs because the momentua transfer
collision cross section for electrons with atoms and
{ons {ncreases as slectron snergy decreaases. Hence
as the virtual anode is moved further from the
virtual cathods (i.e. the anode is moved downstreanm)
slectrons which have the lowest energies (and there-
fors have many collisions) are most likely to migrate
across magnetic fisld lines and reach the anode.
Thus, dovnstream movsmant of the anode raduces the
average snergy of the Maxwellian electrons rgaching
the anods and this induces the dscrease in ¢p a8 !.
is increased.
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Chamber Performance Parameters

The primary slectron utilizacion factor (C,) is
observed to increase as the anode was moved doug
stream. Because the primary electrons have an energy
that is high compared to that of the Maxwellian
alectrons, they have low collision probsbilitiss and
therefore camnot cross fisld linss easily. As the
anode is positioned further dowvnstream the number of
field lines that must be crossed to reach the anode
increasss, therefors the primary slectron loss rate
decreases and the primary electron utilizacion faetor
increases to reflect this.

Figure 6 shows the extracted ion fraction
remains constant &8 the anods (s moved downstreas.
This indicates that the total ion production rats and
the beam current are changing at the same rate.
During typical experiments the beam current wvas
observed to incresse as the anods wvas moved
downstream and the discharge voltage, currsnt and
total flowrate vers held constant (accomplished by
adjusting the flow distribution). It is obvious froa
looking at Fig. 6 that this incrsase in beam current
occurred becauss downstream snoge sovement induces an
increass in C,, a dacrease in ¢, and no change in f,.
Physically ﬂhgl occurs bacauss !hc enargy in both :Ro
primary and Maxwellian alectron groups i(s being
bectter utilized to maks ions and the fraction of
these ions that escape the discharge chamber into the
bean remains constant as the anode is moved
downstream.

The Comparative Behavior of lafractory Filasent and
Hollow Cathodes on Performance

Vhen a filament cathode electron source is used
one can control the shape and location of the region
from vhich primary electrons ars supplied to the '
discharge, but with a convantional hollow cathode ons
{s limited to electron emission from a point on the
discharge chamber centerlins. A question that arises
is wvhether a filament cathode emitting slectrons from
the same point on a discharge chamber centerline
would give the same performance as a hollow cathods.
In order to address this question an axperiment was

conducted in which a discharge chamber was operated
using a hollow cathode and then a small disseter

(2 mm) coiled filament positioned at the axial
location previously occupied by the hollow cachode
orifice. The discharge chamber remained unchanged
sxcept for the cathode substitution.

Figurs 7 shows the comparative plasaa ion energy
cost vs. neutral density parameter and extracted ieon
fraction data measured with the cathodes positioned
downstrean of the cusp at £ = 0.2 cm and the rest of
the dischargs chamber pn:lnstnrs as listed in the
legend. The data show no difference in either the
extracted ion fraction or the primary electron
utilization factor, hovever, the baseline plasma ion
snergy cost for the hollow cathode is approximately
twice that of the filament cathode. These large
differences in beselins plasma ion snergy cost can be
accounted for by recognizing that the primary '
electrons acquire an energy approximately aqual to
the differencs between the anods and electron source
potentials. 1In tha case of the filament cathode this
would be the potantial differsnce between the
filament surface and the anode ({.e¢. the dischargs
voltags). For the hollew cathode, vhere it might be
assuned the electron source potential is about equal
to the kseper potential (V,) the appropriate
potential difference would be the difference betveen
the discharge and kseper voltagas. In this case the
plasma ion energy cost would be given by

(Vg =V ) Jp - Jp )
e
The differencs in plasma ion snergy costs given by

¢« -

(6)

- this equation and by Eq. 2 represents the snergy cost

51

PLASMA 10N ENERGY COST {£,) (aV/PLASHA 100
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Fig. 7. Hollow Cathode/Filament Cathode Performance

Comparison -

During the conduct of the test with the hollow
cathods, the keepsr voltage generally varied {rom
12 V at lov nautral densities (high cathods flows) to
20 V at high neutral densities (lov cachode flows).
1f the electron source potential vas assumed to be
asqual to that of the kesper at high neutral densiciss
(=20 V) and Eq. 6 was used to calculate the plasma
ion snergy cost, the hollov cathode data (circular
synbols) shown in Fig. 8 were computed. Thesg data
shov good agrssment betveen all parameters (¢,, C
and £f.) for the filament and hollow cathode cises
thougy suggesting the hollow cathude operating pover
has been properly removed from baseline plasma ion
enargy cost. This suggests that discharge chamber
performanca with a hollow cathede and with a filaament
cathode are comparable {f hollow cathods operating
pover is accounted for properly. It is noted that
using the kesper voltages measured at each discharge
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current condition rather than the constant (20 V)
valus did not result in the same degrse of agrsement
as that shown in Fig. 8. When the variable keepar
vgltage values vere used in Eq. 6 the valuss of both
¢, and Co determined by the least squares fitting of
:K. data for the hollow cathode departed from those
for the filament cathode. While it may be that
electrons are being supplied from this higher
potential as keeper voltage changes, more research
into the subject of hollow cathode vs. filament
cathode effects on discharge chamber performance to
snhance understanding of the phenomens chat are
occurring is considered desirable.

Rffects of Bollow Cathods Axial Positiom

Tests vere conducted in which the anods position
and sagnetic field configurastion were fixed and ths
effect of hollow cathods movesent along the thruster
centerline vas examined. Discharge chaamber
performance plots like those in Fig. 5 wers generated
at each cathode position gnd discharge chamber
pasrformance paramsters (¢,, C, and fl) vers
determined froam these datx u.lgng Eqs. 3 and 5.

Figure 9 shows the variation in thess parameters as a
function of hollow cathoda position over the range
0.6 5 Jcs 0.5 cm. These data suggest the primary
electron uctilization factor is not affecced by
cathode position but both baseline plasms ion snsrgy
cost and extracted fon fraction incresss as the
cathods i3 moved upstream of ths reference (central
ring cusp) location. One of these effects is
beneficial (increased extracted ion fraction) and the
other {s detrimental (increased baselins plasma ion
energy cost). The fact that thess curves show
siailar behavior suggests both parametsrs are being
affscted by a common phenomenon. The bshavior shown
in Fig. 9 could be explained qualitatively if
upstream movement of the hollow cathods causes a
fraction of the ions that wers being lost to the
chamber walls to be lost to the hollow cathode
icself. This effact would cause both parametsrs to
increase vith upstream cathods movemant because fons
lost to the cathode are not measured and this
therefore causes a dacrease in the msasured ion
production J, which appears in the dsnominstor of the
sxpressions Erol vhich these parameters (Eqs. 2 and
3) ares computed. A developmant in Appendix A shows
in fact that the valuas of thess parameters are
related by the equation
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vhere £, and ¢o ({dentified in Fig. 9) are the values
of the Bumtru associated with the cathode
positioned in the downstreas region where the ions
lost to the hollow cathode are low. Finally, {t is
noted that the use of Eq. 6 rather than Eq. 2, to
de